The present investigation deals with the experimental evaluation of the performance of carbon-fiber-reinforced polymer (CFRP) 
INTRODUCTION
Many of the existing reinforced concrete (RC), steel, and masonry structures throughout the world are in urgent need of repair or reconstruction because of deterioration due to corrosion of their steel reinforcements, various environmental factors, seismic loading, an increase in service loads, and/ or growing amount of traffic. Moreover, during the modernization of buildings, the removal of individual supports and walls may lead to a redistribution of forces and the need for strengthening of structures. Advanced fibrous composite materials such as thin carbon-fiber-reinforced polymer (CFRP) strips are providing an economical and easy solution for extending the service life of civil engineering structures in general, and RC structures in particular.
CFRP strips 1 are being used to strengthen and rehabilitate deficient structures, especially in outdoor applications, because of their noncorrosive characteristics. CFRP strips also offer other advantages such as high specific strength and stiffness, high durability, low creep, and high fatigue resistance in comparison to conventional materials. The performance of these strips, however, depends on the strength of the adhesive used to bond them with the concrete surface, the state of stress at the interface of the concrete and CFRP strips, and the failure modes in the concrete. Thus, it is essential to evaluate the performance of structures strengthened using CFRP strips so that CFRP strips can be used by designers to their full potential for strengthening and retrofitting deficient structures.
Early research investigations that deal with the poststrengthening of structures using CFRP strips were performed by Meier, 2 Saadatmanesh and Ehsani, 3 Meir et al., 4 Chajes et al., 5 Nanni, 6 Kobayashi, Ohori, and Kuroda 7 Steiner, 8 Erki et al., 9 and Alexander and Cheng. 10 These research investigations used the poststrengthening technique primarily to examine the increase in load-carrying capacity of the flexural members and confinement of the axial members. Malek, Saadatmanesh, and Ehsani 11 conducted an experimental study to predict the failure load of RC beams strengthened with fiber-reinforced polymer (FRP) plates. Their experimental study indicated local failure (due to a stress concentration at the plate end and the flexural cracks) of the concrete cover along the longitudinal reinforcement in the retrofitted beams. Chajes et al. 12 also conducted an experimental study to understand the nature of the bond between the composite plate and the concrete. The influence of the surface preparation of the concrete, adhesive type, and concrete strength on the overall bond strength was studied, as well as the characteristics of force transfer from the plate to the concrete. It was concluded that the surface preparation of concrete could influence the ultimate bond strength. To achieve the best possible bond, the concrete surface should be mechanically abraded or sand blasted, and a primer should be applied. The surfaces of the composite plates should also be roughened through the use of bead blasting and then cleaned with an approved solvent such as acetone. These researchers only considered flexural strengthening in the positive moment regions. Grace et al. 13 studied the behavior of RC beams strengthened with CFRP and glass fiber-reinforced polymer (GFRP) strengthening materials (CFRP sheets and laminates and unidirectional and bidirectional GFRP sheets). They examined the influence of number of FRP layers, epoxy type, and strengthening pattern on the response of the beams. It was observed that all beams experienced brittle failure, requiring a higher factor of safety in design.
Recently, Dortzbach 14 used CFRP strips for negative moment reinforcing in the repair of a composite steel parking structure. More recently, Grace et al. 15 used FRP to strengthen the positive and negative moment regions of continuous Title no. 98-S33
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beams. An exhaustive literature review revealed that a minimum amount of research work had been done in addressing the possibility of strengthening the negative moment region using FRP materials.
The present study examines the strengthening effect of CFRP strips on the response of beams (of Categories I and II) in the negative moment region. The mechanical properties of the strengthening materials are presented in Table 1 .
RESEARCH SIGNIFICANCE
This paper presents an experimental evaluation of the performance of CFRP strips for flexural strengthening in the negative moment region of full-scale (10 in. x 18 in. x 27 ft [250 x 457 x 8230 mm]) RC beams. The results of this investigation are useful in substantiating the design data and providing design guidelines for this type of strengthening.
EXPERIMENTAL PROGRAM
To evaluate the performance of CFRP strips in strengthening the negative moment region of RC beams, several fullscale, reinforced, simply supported beams with an overhanging (cantilever) portion were strengthened using CFRP strips. Strengthened beams were classified into two categories (I and II). Category I beams lacked adequate shear reinforcement while Category II beams had sufficient shear reinforcement, to avoid premature failure in shear. The effect of premature shear failure of Category I beams on the flexural strengthening system provided by CFRP strips was examined. A total of five full-scale beams of each category were constructed, instrumented, and tested to failure. The cross sections of Category I beams, the test setup, and cross sections of Category II beams are shown in Fig. 1, 2 , and 3, respectively.
All beams were of rectangular cross section. Each beam was 27 ft (8230 mm) long with a depth of 18 in. (457 mm) and width of 10 in. (250 mm). The beams were designated according to the number of strips used on the top and sides of the beam. The Category I beams were designated as the Control Beam, Beam1, Beam2, Beam3, and Beam2/2, while Category II beams were designated as the Control Beam, Beam2, Beam3, Beam3/2, and Beam3/SikaWrap (the beam with SikaWrap fabric). The control beam was the beam with no strengthening. The numerical value associated with the beams having single designation number refers to the number of CFRP strips bonded to the top of the beam. For the beams having two digits of designation, however, the first digit refers to the number of strips on top of the beam, while the second digit refers to the number of CFRP strips/ SikaWrap fabric on the side of the beam.
The beams were subjected to a point loading (using a hydraulic actuator) in the overhanging portion (Fig. 2) at a distance of 3 ft (914 mm) from the free end of each beam. The center-tocenter distance between supports was 18 ft (5486 mm) and the overhanging portion of the beam was 9 ft (2743 mm) long. Each beam was instrumented with 17 electrical resistance strain gages, several detachable mechanical strain measurement system (DEMEC) points, four linear potentiometers (to record deflections), and the load cells (to measure the load and reaction) at the point of application of the load and at the end support. mm] size) were constructed to serve as the side of the formwork for the beams. These panels were fastened to the platform, plumbed, and braced. End caps were cut from 3/4 in. (19 mm) plywood to complete the formwork. Figure 4 shows the formwork, reinforcement cages, and placement of concrete during construction of the test beams.
The reinforcement cages for the beams were constructed using reinforcement bars and preformed stirrups. To verify the properties of the concrete, slump and strength tests were carried out on concrete samples taken at the beginning, middle, and end of the pour. The results of these tests are summarized in Table 2 . All beams and concrete cylinders were cured for five days inside the curing tent, which maintained 100% humidity.
APPLICATON OF CARBODUR CARBON-FIBER-REINFORCED POLYMER STRIPS
The CarboDur CFRP strips were bonded to the test beams as per the instructions provided by the manufacturer. 1 A hand grinder and a masonry-grinding wheel were used to remove any high spots or irregularities on the top surfaces of the beams. Next, a batch of SikaDur 30 epoxy (prepared as per instructions 1 ) was used to fill voids and low spots on the surfaces of the beams and allowed to cure for 24 h. The CarboDur strips were cut to the required 26 ft (7925 mm) length with a die-grinder and an abrasive cut-off wheel. Removal of all carbon dust was ensured when an acetone-soaked white cloth was clean after wiping the surface of the strips.
The two components of the SikaDur 30 epoxy were thoroughly mixed using a mixing paddle and electric drill motor. A thin coat of epoxy (1/16 in. [1.6 mm]) was applied to the top surface of the concrete beams in the area where the strips were to be applied, as well as to the bonding side of the CarboDur strips, using a roof-shaped trowel. The strips were then applied to the epoxy-coated concrete beam surface and rolled out with a roller to ensure proper bonding. Excess epoxy was then removed from the beam surface. Figure 5 shows the preparation of the beams and the application of the CarboDur strips.
In the case of Beam3/SikaWrap, 1/4-in. (6 mm) deep grooves ( Fig. 6 ) were created every 6 in. (152 mm) along the entire surface of the beam. The length of these grooves was the same as the width of the beam cross section. These grooves were oriented in the direction perpendicular to the beam axis and filled with SikaDur 30 epoxy adhesive immediately before the application (bonding) of the three strips. The goal of the grooves was to provide an interlocking anchoring system for the CarboDur Strips. It was thought that interlocking anchoring points would help the CarboDur strips to develop a higher strain before failure of the beams.
Furthermore, two 4 ft (1219 mm) long layers of SikaWrap unidirectional CFRP fabric were attached to the top concrete surface at both ends of the beam prior to the application of the CarboDur strips (Fig. 7) . The fibers of the first layer were oriented along the longitudinal axis of the beam (0 degrees) while the fibers of the second layer were oriented perpendicular to the longitudinal axis of the beam (90 degrees). These layers were provided to create a stronger surface area at both ends of the beam for proper bonding of the CarboDur strips. It was thought that the combination of the grooves and the SikaWrap fabric would help to develop higher strain in the CarboDur strips and eliminate the potential shear-tension failure in the concrete cover before beam failure.
INSTRUMENTATION AND TESTING PROCEDURES
The instrumentation and testing procedures for the beams are explained in the following sections.
Instrumentation
The beams were instrumented with a variety of sensors to measure the strains, deflections, and load/reactions. The concrete strain was measured using both electrical resistance and detachable mechanical (DEMEC) strain gages. The gage length of the electrical resistance strain gages used was 0.5 in. (12.7 mm). The strain gages were located at the point of loading, above the inner support, and at the midspan (between the two supports). In addition, strain gages were applied to the top surface of the CarboDur strips at points near each end, above the inner support, and at the midspan.
The DEMEC concrete strain measurement system, which uses a sensitive device to measure the distance between two stainless steel points that have been adhered to the concrete surface, was applied to the beams at three areas: a 40 in. (1016 mm) array centered on the inner support; at the midspan section between supports; and on the CarboDur strips at midspan, above the inner support and midway between the inner support and the point of loading. Four linear potentiometers were used to measure and monitor the deflection in the beam. A linear potentiometer is a general-purpose displacement transducer consisting of a thin, braided stainless steel wire wound around on a spring-loaded spool. The rotation of the spool as the wire is withdrawn operates a precision potentiometer that varies the resistance of the device in proportion to the length of wire withdrawn. This type of device is commonly called a string pot. Linear potentiometers located on the load actuator measured the downward deflection of the beam at the free end and measured the upward deflection of the beam at three points (located at equal distance) between the two supports.
Whetstone bridge load cells were used for load measurement. At the point of load application, a 200 kip (908 kN) compression load cell monitored the applied load. At the end support, a 60 kip (272 kN) general-purpose load cell monitored the reaction. Data were gathered using a data acquisition system with a software package that handled test setup, calibration, balancing, and control.
Test setup and procedure
The beams were positioned under the actuator that was mounted on a steel reaction frame. Supports were positioned at 9 and 27 ft (2745 and 8230 mm) from the free end. The hydraulic actuator, load cell, and linear potentiometer were positioned 3 ft (915 mm) from the free end. A steel plate and neoprene pads were used to distribute the load on the top surface the beam. For the strengthened beams, steel shim plates were used so that the load was distributed on the concrete surface rather than on the strips.
The load was applied in increments of 5 kips (22.5 kN). After each load increment, DEMEC strain readings were recorded and any visible cracks were marked. Data were recorded after each load increment. When the load reached 30 kips (135 kN), the beams were unloaded, and any residual plastic deformation was observed and measured. The beams were reloaded and DEMEC readings were taken at increments of 10 kips (45 kN) until the 30 kip load was again reached. The load increments were then reduced to 5 kips. In the case of Beam3 and Beam2/2, the beams were again unloaded after the load reached 40 kips (180 kN). The beams were then loaded to failure.
RESULTS AND DISCUSSION
The response of Category I and II beams is discussed in the following sections. Figure 8 shows the deflection profiles of all the beams at a load of 30 kips. The control beam has the largest deflection along the beam span. Bonding CarboDur strips to the beams, however, reduced their deflections. As expected, the smallest deflection was observed for Beam2/2. Note that the deflections of the Control Beam and Beam1 are almost the same. The corresponding deflection profiles at the ultimate failure loads of the beams are shown in Fig. 9 . Beam2/2 experienced a very large deflection at the free end, although its failure load was less than that of Beam3. The difference in response for Beam3 and Beam2/2 at their ultimate failure loads is attributed to the significant loss in flexural stiffness of Beam2/2 at its failure load in comparison to Beam3. Figure 10 shows the concrete strain distribution for Beam2/2 and Beam3 at their inner supports at a load of 20 kips (90 kN). These strain values represent the average of the strains obtained from five DEMEC readings at each of the four positions (that is, 0.5, 6, 12, and 17.5 in. [12.7, 152.4, 304.8, and 444.5 mm] from top surface of the beam). Obviously, strengthening the beam reduces concrete strain.
Category I beams
It was also observed that the Control Beam exhibited a maximum tensile strain of 0.25%; however, with the addition of one strip, the strain at a point 0.5 in. (12.7 mm) from top of the beam at the inner support was reduced to approximately 0.175%. The absolute minimum strain was observed for Beam3. Figure 10 also shows that Beam2 and Beam2/2 exhibit similar strain levels. This suggests that the vertical strips on the sides of Beam2/2 were not as effective as the horizontal strips on the top surface of beam. Also, the compressive strain at the bottom of beams did not vary significantly, ranging from -0.05 to -0.06%. Figure 11 compares the ultimate loads experienced by each beam. As expected, beams with three and four strips exhibited higher strength. The ultimate strengths of Beam3 and Beam2/2 were higher than that of the Control Beam by 28 and 22%, respectively. This again suggests that the addition of vertical strips on the sides of the beams is not as effective in increasing load capacity as adding horizontal strips to the top surface. The ad-
Fig. 11-Ultimate load-carrying capacities of Category I beams.
dition of one or two strips has little effect on the ultimate load-carrying capacity of the beam. Figure 12 shows the cracking patterns and failure modes in all the beams (Control Beam, Beam1, Beam2, Beam3, and Beam 2/2). All five beams failed in shear at the inner support. Also, the strips underwent local delamination at the interface of the concrete surface and strips immediately above the intersection of diagonal cracking with the concrete surface. This local failure is attributed to higher interfacial stresses caused by the propagation of diagonal cracking. The maximum tensile stress experienced by the CarboDur strip at a load of 30 kips (133.5 kN) and at the failure load of each beam, expressed as percentage of the ultimate strength, are shown in Fig. 13 . The CarboDur strips in Beam1 and Beam2/2 were able to develop a stress of 28.5% of their ultimate strength. Table 3 shows the ductility index 16 (expressed by the ratio of inelastic energy to total energy) of all the beams. These energy ratios were calculated by evaluating inelastic and elastic energies from load-versus-deflection graphs. Loadversus-deflection relationships for Control Beam and Beam2/2, showing the method of measuring elastic and inelastic energies, are given in Fig. 14(a) and (b) , respectively. The minimum and maximum values of the ductility index are associated with the Control Beam and Beam1, respectively. This suggests that while strengthening a beam can increase its ductility, overstrengthening may lead to a decrease in the ductility index. Figure 15 and 16 show the deflection profiles of the tested beams at a load of 30 kips (133.5 kN) and at their failure loads, respectively. As in the case of Category I beams, Category II beams also experienced less deflection due to the addition of CFRP strips. As expected, Beam3/2 experienced the lowest deflection, while the Control Beam experienced the highest deflection. The lowest deflection of Beam3/2 is attributed to its high flexural stiffness. The ultimate load-carrying capacities of the Category II beams are shown in SikaWrap sheets at both ends of the beam provided a stronger bond between CFRP strips and concrete surface, which avoided the onset of delamination of strips at their ends. Figure 19 shows the crack patterns and failure modes of the beams. The Control Beam and Beam2 failed in a flexural mode, while Beam3 experienced shear tension failure resulting from the combined effect of normal tensile and shear stresses in the concrete in the plane of the top longitudinal bars at the section of maximum negative moment (that is, the inner support section). The strips of Beam3 experienced a 5 kN) and at the ultimate load of the beam, are shown in Fig. 18 . The CFRP strips in all the beams were understressed, and the maximum utilization of the strength of strips was observed for Beam3 with SikaWrap (that is, 52.1% of the ultimate strength of the strip). This maximum was attributed to the combined effect of SikaWrap fabric and the grooves filled with SikaDur 30 epoxy. These grooves provided an interlocking mechanism for the strips along the beam. Furthermore, the presence of (Fig. 19) . In the case of Beam3/2, however, the onset of delamination occurred in the concrete zone, while in the case of Beam3/SikaWrap, strips underwent splitting through their midthickness followed by delamination. The splitting of strips on Beam3/SikaWrap suggests that the combination of SikaWrap fabric and 90 degree grooves provided a stronger surface for the CFRP strips than the epoxy adhesive alone. Also note that the use of SikaWrap with 90 degree grooves precluded the shear/tension delamination that occurred in Beam3.
Category II beams
spectively. The maximum tensile stress in the CarboDur strips, experienced as percentages of the tensile strength of the strips, at a load of 30 kips (133.of 7/16 in. (11 mm), caused by the sudden delamination of the three CFRP strips, as shown in Fig. 20. Beam3/2 and Beam3/SikaWrap failed by the onset of delamination
DESIGN EXAMPLE Example
A simply supported beam (shown in Fig. 2 ) is to be strengthened using CFRP strips to increase its ultimate loadcarrying capacity from 32 to 45 kips. This beam is provided with adequate stirrups to prevent premature shear failure in the beam. Properties of strengthening materials (CFRP CarboDur strips) are given in Table 1 . The beam is located in an enclosed, air-conditioned space. A strengthening system will be designed and experimental results will be compared to theoretical values for the increase in load-carrying capacity of the beam due to the addition of CFRP strips.
DESIGN PROCEDURE Step 1: Estimate flexural demand for CFRP strips
Existing ultimate moment capacity of the critical section = 6 ft × 32 kips = 192 kip-ft;
Ultimate flexural demand = 6 ft × 45 kips = 270 kip-ft; Additional moment capacity required = (270 -192) kip-ft = 78 kip-ft.
From trial and error, it is found that three strips are not sufficient to provide required moment capacity. Hence, three strips at the top and two strips on the sides of the beam will be provided, as shown in Fig. 3(d) for Beam3/2.
Step 2: Compute design material properties
Because the beam is located in an enclosed, air-conditioned space, an environmental reduction factor of 0.95 is suggested.
Design strength of the strips, f fu = C E f fu * = environmental reduction factor × guaranteed tensile strength = 0.95 × 348 ksi = 330.6 ksi Design rupture strain, εf u = C E εf u * = environmental reduction factor × rupture strain = 0.95 × 0.014 = 0.013
Step 3: Compute concrete substrate strain 17, 18 (ε ε bi ) Because there is no other load except the dead load of the beam prior to bonding of the strips to the top of the beam, only the dead load is considered when computing the substrate strain. Assuming the density of concrete is 150 lb/ft 3 , the self-weight of the beam can be found as Step 4: Calculate effective strains in CFRP strips, tension, and compression steel at ultimate limit state Effective strain in top-strips,
Because the primary mode of failure in this beam is the onset of delamination, a value of 0.5 is suggested for the effective design strain factor k m of the strips, based on experimental strain results for Category II beams. This will prevent the onset of delamination prior to flexural failure of the concrete.
Taking k m = 0.5, k m ε fu = 0.5 × 0.013 = 6.5 × 10 -3 Assume c = 3.8 in. Step 6: Check for value of depth to neutral axis c from equilibrium of internal forces From the internal force (Fig. 21 ) equilibrium, one has Step 7: Calculate additional nominal moment capacity provided by strips Additional moment capacity provided by strips =
kip-ft
The percentage difference in the theoretical and experimental values for the increase in moment capacity due to CFRP strips =
%
Step 8: Check for ductility 19 of strengthening system Maximum tensile strain developed, ε st = 0.0056 > 0.005. Hence, the strengthened system is ductile. CONCLUSIONS Based on results from the experimental study for beams strengthened in flexure (in the negative moment region), it is concluded that:
1. The addition of CFRP strips to beams in the negative moment region increases the stiffness and strength of the beams. The maximum increase in the load-carrying capacity of the beam due to strengthening was observed to be 29% for Category I beams and 40% for Category II beams with respect to corresponding control beams;
2. The onset of delamination with and without concrete cover failure (shear/tension delamination) is the critical mode of failure for Category II beams, while diagonal shear cracking with local debonding of CFRP strips is the critical mode of failure for Category I beams;
3. The CFRP strengthening strips remain understressed at the failure load due to the early onset of delamination from the concrete surface. The maximum stresses experienced by these strips are 28.5 and 52% of their ultimate strengths in the case of Category I and II beams, respectively; 4. All beams showed ductile failure with a minimum ductility ratio of 67%. The number of strips had no significant effect on failure modes of the strengthened beams;
5. The combination of 90 degree grooves with a spacing of 6 in. filled with SikaDur 30 epoxy, together with SikaWrap fabric at both ends of the beam, provides a better anchoring system than SikaDur 30 epoxy adhesive alone. This combination also leads to better utilization of the strength of the strips; and 6. The theoretical prediction of the load-carrying capacity of the strengthened beams is in very close agreement with experimental values. 
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NOTATION
A f = area of FRP reinforcement, in.
2
A sc = total area of compression steel bars, in.
A st = total area of tension steel bars, in. k m = bond-dependent coefficient for flexure n c = number of compression reinforcing bars n t = number of tension reinforcing bars y max = distance of extreme fiber of beam from neutral axis β 1 = ratio of depth of equivalent stress block to depth of neutral axis ε bi = strain level in concrete susbstrate at time of FRP installation ε fe = effective design strain in CFRP reinforcement ε fu = design rupture strain of CFRP reinforcement ε fu * = guaranteed rupture strain of CFRP reinforcement ε sc = strain in longitudinal compression steel ε st = strain in longitudinal tension steel γ = Whitney's stress parameter ψ = partial strength reduction factor
